Reproductive data were collected on 4,595 cow exposures and subsequent calvings over four generations in a rotational crossbreeding study involving Angus, Brahman, Charolais and Hereford breeds. Direct and maternal additive (Ig and Mg) and nonadditive (Ih and Mh) genetic effects were estimated for calving rate, calf survival, weaning rate, calving assistance and calf birth date. Genetic effects were estimated by regressing individual animal response on the proportion of genes from breed of origin and gene combinations expected for the four breeds in offspring and in dams. Breed direct and maternal additive and nonadditive genetic effects were expressed as a deviation from the least squares mean.
Introduction
Crossbreeding is an accepted management strategy in most commercial cowcalf operations throughout the U.S. Combinations of breeds used in crossbreeding vary from operation to operation due to the demand for specific breeds for certain markets, the adaptability of certain breeds to specific environments, the availability of breeds in some areas and to the breeder's preference.
High levels of heterosis for reproductive rate have been realized with Brahman firstcross cows when they have been bred to produce backcross or three-breed cross calves (Turner et al., 1968; Peacock et al., 1971) . Heterosis for reproductive rate generally has been smaller for British firstcross cows than for Brahmancross cows (Gaines et Gregory et al., 1978) .
To design the most effective crossbreeding systems and to determine which breeds should be involved, it is necessary to have estimates 531 of transmitted or additive effects of breeds and of heterosis levels that can be expected in crosses. Additionally, maternal effects of breeds differ and can influence efficiency of production in crossbreeding systems. Only recently have estimates of such types of genetic effects been published for reprcductive traits, and then only for a limited number of breeds and breed combinations (Gregory et al., 1978; Peacock and Koger, 1980 ; Neville et al., 1984; Olson et al., 1985) .
The purpose of this study was to estimate breed direct and maternal additive and nonadditive genetic effects for reproductive traits of Angus, Brahman, Charolais and Hereford breeds and their crosses and to predict reproductive performance for breed combinations in several mating systems using estimated genetic effects.
Materials and Methods
Reproductive data were recorded at the Ben Generally, reproductive data were collected for 4 yr in each generation. When the fourth calf crop was weaned in each generation, all cows in that generation were sold. Replacement heifers that were being accumulated over the 4 yr of each generation were exposed in the 5th yr to produce calves for the next generation. This management practice resulted in nonoverlapping generations. While being accumulated, replacement heifers were used to evaluate early fertility (DeFtouen and Franke, 1989) and ease of calving of certain sire breeds crhrift et al.,
1986).
Cows were assigned randomly to single-sire breeding herds on the basis of age and breed type for spring calving. Heifers were exposed to calve at 2 yr of age. Cows were culled for failing to produce a calf in two consecutive years, structural unsoundness or disease.
Cows were grazed on common bermuda Olson et al., 1985) . In these regression models, breed direct and maternal additive genetic effects were computed as deviations from one of the breeds included in the study. Robison et al. (1981) explained the procedure in greater detail. 'Ihe biological interpretation of breed additive and nonadditive genetic effects from these models was discussed by Eisen et al. (1983) . Use of a regression model for binomial response traits is valid if sample size is large. Inferences can be made about regression coefficients as if the error term were assumed to be normally distributed (Neter and Wasserman, 1974) .
Statistical Analysis. Breed composition ana degree of heterozygosity varied each generation due to the rotational crossbreeding mating scheme. In preliminary analyses, year effects within generation were found to significantly influence reproductive traits. To adjust for these environmental effects, a preliminary model was run that included generation and year within generation sources of variation.
From this model new dependent variables were created by combining the least squares mean for generation and the residual error term. This w e a t e d data set therefore was adjusted for differences among years within generation. This procedure allowed important differences in breed composition and heterozygosity between generations to be included in analyses for genetic effects. Year effects between generations were unavoidably confounded with generation effects.
Genetic effects for this study were estimated using the following multiple regression model (SAS, 1985) :
where Y i = the measurement on the k* animal o t t h e j* gender in the i* cow age class; p = least squares mean; bl, b, b3 and b4 = partial regression coefficients representing breed direct additive genetic effects (Ig) for breeds A n g u s , Brahman, Charolais and Hereford, respectively; IA1, IA2, IA3 and & = pmporrion of genes contributed by breeds A n g u s , Brahman, Charolais and Hereford, respectively; b5, b6, b7, b8, bg and blo = partial regression coefficients representing direct heterosis effects (Ih) due to the interactions of alleles paired at a given locus and being from A n g u s and Brahman, A n g u s and Charolais, A n g u s and Hereford, Brahman and Charolais, Neville et al. (1984) and Wyatt and Franke (1986) and wiU not be presented in this report. Breed direct additive and breed maternal additive genetic effects (Ig and Mg) were! computed as deviations from the overall mean; thus they will sum to zero rather than being deviation from one of the breeds included in the analysis. This was accomplished by subtracting the IA and MA coefficients of the Hereford breed from the IA and MA coefficients of the other three breeds (Gallivan et al., 1987) . Genetic effects of Ig and Mg for the Hereford breed were computed as the negative of the sum of the other breed additive genetic effects.
Several assumptions made to interpret estimates of genetic effects were 1) that the proportion of genes contributed by each crossbred to a gamete is propofiional to the expected breed composition of the crossbred, 2) that there is a linear relationship between degree of breed heterozygosity and heterosis and 3) that the effects of linkage and epistasis were considered negligible. It is recognized that average intra-breed dominance and epistatic effects could be present in the breed direct and maternal additive genetic effects (Eisen et al., 1983) .
Comparisons among combinations of genetic effects for each reproduction trait were made with ESTIMA'IE statements in the General Linear Model procedure of SAS (1985) . For additive genetic effects, Brahman was compared to Bos ruurus breeds, Angus and Hereford were compared to Charolais and Angus was compared to Hereford. For heterotic genetic effects, Brahman combinations were compared to combinations without Brahman, Angus-Brahman and Hereford-Brahman were compared to Charolais-Brahman, and Angus-Brahman was compared to HerefordBrahman. Angus-Charolais and HerefordCharolais were compared to Angus-Hereford, and Angus-Charolais was compared to Hereford-Charolais.
Reproductive performance was predicted for straightbreds, first crosses, backcrosses, three-breed crosses and rotational mating systems using weighted estimates of genetic effects. The general model used to predict Standard errors for predicted means will be smaller than expected if a negative covariance existed between genetic effects that were summed to yield a predicted mean.
Results and Discussion
Mean squares and tests of significance for cow age and gender of calf are presented in Table 2 . Breed direct and maternal additive and nonadditive genetic effects for reproductive traits and tests of significance are given in Table 3 . Contrasts among genetic effects are given in Table 4 . In the calcd-tion of coefficients for the genetic analysis, the offspring was considered the direct observation for all reproductive traits. Maternal effects represent influences of the cow. This proce- (80 f 3.4%) . Thus, the primary difference in calving rate among the breeds in these two reports is in the ranking of Brahman.
The Mh effects for Brahman combinations reported here are similar in magnitude to heterosis estimates for calving rate for Brahman first-cross cows reported in earlier studies at this location (Turner et al., 1968) , in Texas (CartWright et al., 1964) and in Florida (peacock et al., 1971) . Peacock and Koger (1980) reported nonsignificant calving rate Ih effects for Angus-Brahman and CharolaisBrahman combinations; however Mh effects for these two breed combinations were positive and significant. found a significant heterosis estimate (7.0%) for calf survival in Angus-Brahman rotational crossbred calves when averaged over three generations. Comerford et al. (1987) found that the general combining ability and maternal effects of Brahman for 24-h calf survival was -3.48 and 4.43%, respectively. An estimate of heterosis for calf survival of 14.1% for Angus x Brahman reciprocal cross calves was reported by Reynolds et al. (1980) . These authors also suggested that calves with a majority Brahman breeding were extremely susceptible at birth to cold, rainy weather and required closer observation than other calves.
Our field data would tend to support this observation (Williams et al., 1990) . Weaning Rare. Rotational crossbred cows were found to have significantly higher weaning rates than contemporary straightbreds (Williams et al., 1990), indicating possible influences of nonadditive genetic effects. Significant genetic effects on weaning rate included the Brahman Ig effect, the Mh effects involving Brahman and the Charolais-Hereford Mh effect. The Brahman Ig effect was large and negative (-11.8 f 4.4%), whereas the significant Mh effects were large and positive, ranging from 16.5 f 6.7% for the AngusBrahman combination to 27.8 It 6.9% for the Brahman-Hereford combination.
The average of Angus, Charolais and Differences between genetic effects of the Brahman and Bos ruurus breeds for calf birth date are not clearly understood. They could be due to a longer gestation period of the Brahman and(or) to Brahman type cattle cycling and mating later in the breeding season (Reynolds et al., 1980 Predicted reproductive effects for straightbreds and for terminal two-and three-breed crosses are given in Table 5 . Predicted reproductive effects for two-, three-and four-breed rotational crosses are given in Table 6 . Redicted performance of rotational crosses was based on a complete rotation system at equilibrium in which aLl sire breeds within a breed combination were used. Significance levels for all predicted effects are based on whether or not they are different from zero. Predicted reproductive effects for straightbreds when combined with the least squares mean from the regression analysis were very close to the means reported earlier by W i l l i a m s et al. (1990) Significant predicted calving rate and weaning rate effects for three-breed crosses were found when Angus-Brahman, BrahmanCharolais, Brahman-Hereford and BrahmanCharolais firstcross dams were used. Brahman-Hereford firstcross dams tended to maximize calving and weaning rates compared with the other firstcross dams. Calf survival predicted effects were positive and significant for H x AB, A X BC, A X BH and C x BH threebreed crosses.
Brahman-sired, three-breed cross calves were predicted to be born later than calves by other sires. In comparison, predicted calf birth dates for all other three-breed matings were negative, indicating calves born earlier than average; however, not all were significantly different from zero. Angus-Hereford first-cross dams were predicted to require more calving assistance when mated to Brahman or Charolais sires. Brahman firstcross cows were predicted to require less than average assistance at calving when producing three-breed cross calves. Predicted reproductive effects for twe, three-and four-breed rotation combinations are presented in Table 6 . All predicted effects for calving rate, except for the AC and CH twobreed rotation combinations, were significantly different from zero. Similarly, all predicted effects for weaning rate except for the AH two-breed rotation combination were significantly different from zero. However, the magnitude of the predicted effects for the rotation crosses generally were not as large as for the more productive three-breed terminal crosses. Rotation crosses were predicted to bear calves earlier than the average, although not all predicted effects for calf birth date were different from zero. Most mtation breed combinations had negative predicted effects for calving assistance, the only significant prediction being for the BC two-breed rotation combination (-2.3 f 1.1%).
These predicted effects for reproductive traits suggest that mating systems and breeds can be chosen to maximize reproductive response. Two-breed cross predicted performance was similar to that predicted for straightbreds. Predictions for reproductive traits, particularly weaning rate, were maximized when the mating system and breed Combinations included maternal heterotic genetic effects, as seen in the three-breed cross predictions. Rotation combinations tended to average out the breed additive effects and could not take full advantage of maternal heterotic effects as did the three-breed cross combinations. Consequently, the rotation combinations tended to be compromises between straightbreds and threebreed cross matings.
lmplicatlons
These data suggest that Angus, Charolais and Hereford breeds have greater genetic potential for higher calving and weaning rates and earlier calf birth dates than Brahman.
Matings between Brahman and the other three breeds increased calving and weaning rates through the generation of heterosis, particularly when Brahman cross cows were involved. Using direct and maternal genetic effects from these four breeds to predict performance, we found that three-breed terminal crosses involv-REPRODUCTIVE TRAITS 54 1 ing the Brahman first-cross cow gave higher predicted reproductive rates than crosses involving other breeds. Two-and threubreed rotational crosses generally were intermediate between straightbreds and the better threebreed crosses for reproductive traits.
